Relation between the activity coefficient expressed by Darken's quadratic formalism and the excess Gibbs energy change of mixing described by Redlich-Kister type polynomial was discussed in Si deoxidation of Ni alloy. The activity coefficients of Si and O in metal expressed by quadratic formalism have been converted into formula using interaction parameters iÀj under the condition where concentration of Si and O are dilute. Numerical analysis on Si deoxidation of molten Ni and Ni-Cu alloy has been carried out. It has been found to be outstanding in the agreement of equilibrium Si and O contents in molten Ni and Ni-Cu alloy analyzed in the present work with the experimental results. The deoxidation equilibrium of not only pure metal but also alloy can be analyzed numerically using the formula determined in the present work.
Introduction
The equation proposed by Wagner 1) has been widely used to express the activity coefficients of solute in multicomponent solutions. However, second order or higher terms must be added to represent the activity coefficients on the condition where solute contents are rich. Darken 2, 3) has proposed the quadratic formalism to express the activity coefficients that can be applied to higher solute content. The activity coefficient of solvent 1 and solute 2, 3 can be expressed for ternary solution by the following equations. 
Where X i denotes mole fraction of component i, denotes the activity coefficient of component i, o i denotes the activity coefficient of component i at infinite dilution, and ij is a constant that characterizes the thermodynamic property of i À j binary solution within the region of validity of equations at constant temperature and pressure, respectively. The following relations can be obtained 2, 3) by comparing the equation proposed by Wagner 1) with eq. (2). 
Where " Quadratic formalism includes all the first and the second order terms represented by Wagner's formalism. Hence, the valid composition region that quadratic formalism stands is essentially wider than that where Wagner's formalism are available. Numerical analysis on Si deoxidation of molten Ni and Ni-Cu alloy utilizing quadratic formalism has been carried out in the present work.
Preparation of Numerical Analysis

Relation between Darken's quadratic formalism
and Redlich-Kister type polynomial Quadratic formalism was converted in to Redlich-Kister type polynomial 4, 5) to express the excess Gibbs energy change of mixing. This conversion was done because it would be easier to expand Darken's quadratic formalism to multi-component alloy systems. The excess Gibbs energy change of mixing for 1-2 binary system, ÁG ex , and partial molar excess Gibbs energy change, ÁG ex 2 , can be expressed as eqs. (9) and (10), respectively.
Where 0 iÀj and 1 iÀj are binary interaction parameters. On the condition of X 1 ¼ $ 1, the activity coefficient of component 2 will be o 2 . Hence, the following relationship can be obtained in the infinite dilute solution of 2.
RT ln
The activity coefficient of component 2 in 1-2 binary system can be expressed as eq. (12), using Darken's 2,3) quadratic formalism.
Where I is a constant on the condition of constant temperature and pressure. Equation (12) On the other hand, the following equation can be derived from partial differentiation of eq. (10) with X
On the condition X 1 ¼ $ 1, eqs. (13) and (14) will be equivalent and the following relation will be obtained for infinite dilute solution.
The binary interaction parameters can be obtained by combining eqs. (11) and (15) as follows.
Quadratic formalism can be converted into Redlich-Kister type polynomial using 0 1{2 and 1 1{2 for dilute solution using eqs. (16) and (17).
Standard state of components
Pure substance is chosen as a standard state (Raoultian standard state) for condensed phases in the present work. It is general to select Henrian standard state for oxygen dissolved in pure melts. However, problem arises in case of alloys. The activity coefficients of oxygen in metal 1 and 2 are taken as unity to describe the activity coefficient of oxygen in 1-2 binary alloy by using Henrian standard state, and the effect of alloy component is compensated by interaction coefficients. When the oxygen activities using Henrian standard state in metal 1 and 2 are identical, the equilibrium oxygen partial pressure differs each other due to the difference of the Gibbs free energy change of oxygen dissolution into pure 1 and 2. Therefore, the Henrian standard state is not a universal reference in case of oxygen in alloy. Therefore, dissolved oxygen in the melt equilibrating with 101325 Pa (1 atm) oxygen gas has been selected as a standard state in the present work. The relation between the oxygen activity and oxygen partial pressure in this standard state can be expressed as follows.
The activity coefficient of oxygen at infinite dilution in metal is not unity as the case of Henrian standard state but o O . The oxygen activity or equilibrium oxygen partial pressure is, therefore, independent of the kind of metal solvent and can be expressed by utilizing this standard state.
Numerical Analysis on Si Deoxidation of Molten Ni
Si deoxidation reaction can be expressed by eq. (19) .
This equation can be separated into following equations.
The Gibbs free energy change of eq. (20) ) and that of eq. (21) is zero due to the relationship of eq. (18) . Therefore, the Gibbs free energy change of eq. (19) will be identical to the Gibbs free energy of SiO 2 formation (ÁG
). Equation (19) and the Gibbs free energy of SiO 2 formation can be utilized for Si deoxidation of any metal or alloy, and this is a great advantage. The equilibrium constant of eq. (19), K Si , can be expressed as follows.
Where, the activity of SiO 2 is taken as unity, since we consider the case that deoxidation product is pure SiO 2 .
The excess free energy change of mixing Ni-Si-O ternary system can be expressed as eq. (23) by using Redlich-Kister type polynomial.
The partial molar excess free energy change of Si and O can be derived as follows.
Equation (26) can be deduced by substituting eqs. (24) and (25) into eq. (22).
Equation (26) is the fundamental equation for numerical analysis of Si deoxidation in molten Ni. The experimental results of Ishii and Ban-ya 6) have been utilized in the present work. The binary interaction parameters 0 Ni{O , 1 Ni{O , Si{O were obtained from the Gibb free energy change of oxygen dissolution into molten Ni, the self-interaction coefficient of oxygen in molten Ni reported by Sigworth et al. 7) and the Gibb free energy change of oxygen dissolution into molten Si reported by Narushima et al.
8) The Gibbs free energy of SiO 2 formation has been taken from NIST-JANAF Thermochemical Tables.  9) Binary interaction parameters have been determined from the references utilizing the results at infinite dilution and have been shown in the following with the Gibbs free energy of SiO 2 formation.
Si{O ¼ À388000 þ 129:2T=J ð29Þ
Equation (31) can be obtained by rearranging eq. (26).
By using the results of Ishii and Ban-ya 6) and eqs. (27)-(30) and taking F in eq. (31) as a vertical axis and The relation between equilibrium Si and O content in molten Ni compared with the results of Ishii and Ban-ya is shown in Fig. 2 . The present result agrees extremely well with their experimental results.
The activity coefficient of Si in molten Ni determined in the present work is shown with literature's values [10] [11] [12] [13] in Fig. 3 . The bold curve was determined from eqs. (24), (32) and (33). Dashed line shows the activity coefficient expressed by quadratic formalism. Difference between bold curve and dashed line is little were Si content is dilute, and it is confirmed that the present analysis satisfies quadratic formal- 
Numerical Analysis on Si Deoxidation of Molten Ni and Ni-Cu Alloy by Quadratic Formalism
ism within the composition range of mole fraction of Si less than 0.042, which is the experimental range of Ishii and Ban-ya.
6) The present results agree remarkably with Schwerdtfeger and Engell. 13) It is observed from the present work and literature's values except Stukalo et al. 11) and Sano et al. 12) that the activity coefficient of Si in two terminal composition regions can be expressed with quadratic formalism. The activity coefficient in the central or transition region appears to be complicated. Since the present results agreed well with literature's values, 0 Ni{Si and 1 Ni{Si determined in the present work can be considered reasonable. Si deoxidation equilibrium in molten Ni has been quantitatively analyzed with high accuracy by the quadratic formalism.
Numerical Analysis on Si Deoxidation of Molten NiCu Alloy
In case of analyzing numerically Si deoxidation of molten Ni-Cu alloy, binary interaction parameters of Ni-Cu, Cu-Si, and Cu-O systems must be additionally considered with the binary interaction parameters used for the numerical analysis of Si deoxidation in molten Ni. The excess Gibbs free energy change of mixing for Ni-Cu binary alloy reported by Mey, 14) the Gibbs free energy change of oxygen dissolution into molten Cu and self-interaction parameter of oxygen in molten Cu reported by Sigworth and Elliott 15) were used to determine the binary interaction parameters of Ni-Cu and Cu-O systems, respectively. Experimental results for Si deoxidation of molten Ni-Cu alloys reported by Ishii and Ban-ya 16) were utilized for the analysis. Binary interaction parameters of Ni-Cu system reported by Mey 14) and that for Cu-O system obtained from the results of Sigworth and Elliott 15) are shown in the following.
Equations (34) 
The following relation can be obtained by substituting eqs. Fig. 3 The activity coefficient of Si in molten Ni-Si alloy.
Rearranging eq. (41) derives eq. (42).
By utilizing eqs. (27)-(30), (32)-(37) and experimental results reported by Ishii and Ban-ya 16) and taking F 0 in eq.
(42) as a vertical axis and
as a horizontal axis, 0 Cu{Si and 1 Cu{Si can be determined from the intercept and the slope of the regressed line, respectively. The results are shown in Fig. 4 . The plots seem to scatter in the region where
is small or Cu is dilute. 10, [17] [18] [19] in Fig. 6 . Difference between present work and activity coefficient expressed by quadratic formalism is little. The values of at RT ln Si(l) /kJÁmol À1 at ð1 À X Si Þ 2 ¼ 0:9 and 1873 K were À153:2(present work) and À152:1(quadratic formalism), respectively, and it is confirmed that the present analysis satisfies quadratic formalism within the composition range of the present work. The reported activity coefficients of Si differ each other among researchers. The activity coefficient of Si at infinite dilution determined in the present result is close to the value reported by Nikitin.
16)
The binary interaction parameters utilized and determined in the present work are summarized in Table 1 with the composition range of validity. Also, the activity coefficients of elements in molten Ni and Cu at infinite dilution and Wagner's 1) interaction coefficients in molten Ni and Cu derived from eqs. (4)- (8), (11) , (15) and the binary interaction parameter are shown in Tables 2 to 5 .
It was confirmed from the present numerical analysis that the Si deoxidation equilibrium of molten Ni and Ni-Cu alloy can be quantitatively expressed with high accuracy by utilizing quadratic formalism.
Conclusion
Deoxidation equilibrium in molten Ni and Ni-Cu alloy can be quantitatively expressed by binary interaction parameters determined on basis of the quadratic formalism. The Gibbs energy of formation of deoxidation product can be utilized by selecting dissolved oxygen in the melt equilibrating with 101325 Pa (1 atm) oxygen gas as a standard state to analyze numerically deoxidation equilibrium in metal or its alloy. 
